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The effect of initial state momentum-space anisotropy on invariant mass dependence of HBT radii
extracted from the leptonpair interferometry is presented here. We have studied the Bose-Einstein
Correlation Function (BECF) for two identical virtual photons decaying to leptonpairs at most
central collision of LHC energy having fixed transverse momentum of one of the virtual photons
(k1T= 2 GeV). The free streaming interpolating model with fixed initial condition has been used for
the evolution in anisotropic Quark Gluon Plasma (aQGP) and the relativistic (1+2)d hydrodynamics
model with cylindrical symmetry and longitudinal boost invariance has been used for both isotropic
Quark Gluon Plasma (iQGP) and hadronic phases. We found a significant change in the spatial and
temporal dimension of the evolving system in presence of initial state momentum-space anisotropy.
PACS numbers: 25.75.+r,25.75.-q,12.38.Mh
I. INTRODUCTION
Two-particle intensity interferometry, commonly
known as HBT interferometry is one of the efficient
ways to know the space-time description of particle
emission zone created in high energy nucleus-nucleus
collisions [1–3]. This method was formulated and
exploited by Hanbury, Brown and Twiss to measure
the angular diameter of astronomical objects [4]. It
was first introduced in heavy ion collision (HIC)
through pion interferometry which provided valu-
able information about the space-time description of
the system at the freeze out surface only [2]. It has
been argued that in contrast to hadrons, two-particle
intensity interferometry of photons and dileptons
[5–12] which are produced throughout the space-
time evolution of the reaction zone and which suffer
almost no interactions with the surrounding medium
can provide information on the the history of the
evolution of the hot matter created in HIC. However
photons appear to be a more restrictive probe since
they are characterized only by their transverse mo-
mentum (pT ) whereas the dileptons have two kine-
matic variables, pT and invariant mass(M) to play
with. A soft photon (low pT ) in one frame of ref-
erence can be hard (high pT ) in another frame,
whereas pT integrated invariant mass distribution of
dileptons is independent of any frame. In addition
to it, pT spectra is affected by the flow, however, pT
integrated M spectra remain unaltered by the flow
in the system [13]. Also in the M spectra of dilep-
tons, above φ peak, dileptons from QGP dominates
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over its hadronic counterpart [14]. All these suggests
that a judicious choice of pT and M windows will be
very useful to characterize the QGP and hadronic
phase separately. Moreover owing to rapid longi-
tudinal expansion at the onset of QGP phase com-
pared to the partonic interaction rate, the anisotropy
arises in pT − pL plane with 〈p2L〉 ≪ 〈p2T 〉 in the lo-
cal rest frame. With time, such asymmetry dies out
with secondary partonic interactions. After which
the system is considered to be isotropic and thermal
at proper time τiso and beyond τ ≥ τiso the system
can be treated hydrodynamically. To include such
momentum anisotropy in pre-equilibrium stage of
QGP, a simple phenomenological model is adopted
from refs. [15–17]. We assumed two time scales here;
(i) the initial QGP formation time, τi, and (ii) the
isotropization time, τiso, when the isotropy in mo-
mentum space is achieved and they should fulfill the
criteria τi ≤ τiso. In absence of anisotropy, we have
τi = τiso.
In this letter, we present intensity interferometry
with leptonpairs at most central LHC initial condi-
tions at
√
s=2.76 TeV including momentum space
anisotropy in pre-equilibrium QGP phase and at-
tempt to study the effect of the anisotropy on the
mass dependence of HBT radii extracted from the
Bose Einstein Correlation Function, C2 for two iden-
tical virtual photons which later decay into lepton-
pairs. We have discussed the definition and formal-
ism of leptonpair interferometry in Sec. II, the re-
sults are given in Sec. III and finally we have sum-
marized in Sec. IV.
II. DEFINITION AND FORMALISM
Leptonpair interferometry is based on computing
the Bose-Einstein correlation (BEC) function for two
2identical virtual photons which later decay in lepton-
pairs and can be defined as [1, 11],
C2( ~k1, ~k2) =
P2( ~k1, ~k2)
P1( ~k1)P1( ~k2)
(1)
where
P1(~ki) =
∫
d4x
∫
dM2i ω(x, ki) (2)
and
P2( ~k1, ~k2) = P1( ~k1)P1( ~k2) +
1
3
∫
d4x1d
4x2 dM
2
1 dM
2
2 ω(x1,K)ω(x2,K) cos(∆x
µ∆kµ) (3)
where ~ki = (kiT cosψi, kiT sinψi, kiT sinh yi) is the
three momentum of the two identical virtual photons
with i = 1, 2, K = (k1 + k2)/2 is the average trans-
verse momentum, ∆kµ = k1µ − k2µ = qµ, xi and ki
are the four co-ordinates for position and momen-
tum variables respectively and ψi’s are the angles
made by kiT with the x-axis of each virtual pho-
ton. ω(x, k) = dR/dM2d2kTdy is the source func-
tion related to the thermal emission rate of virtual
photons per unit four volume. The possiblity of di-
lution of the signal due to random pairs will not
affect the HBT radii (disscussed in ref [11]), thus we
have neglected the leptonpairs with different invari-
ant masses. By ignoring the leptonpair with different
inavarant mass, i.e, M1 =M2 = M , we can re write
C2 as:
C2( ~k1, ~k2) = 1 +
[∫
d4x dM2 ω(x,K) cos(∆α)
]2
+
[∫
d4x dM2 ω(x,K) sin(∆α)
]2
P1( ~k1)P1( ~k2)
(4)
where ∆α = α1 − α2 and αi = τMiT cosh(yi − η)−
rkiT cos(θ−ψi),MiT =
√
M2 + k2iT The inclusion of
the spin of the virtual photon will reduce the value
of C2 − 1 by 1/3. The correlation functions can be
evaluated by using Eqs. 1, 2, 3 and 4 for different
average mass windows, 〈M〉. We follow Ref. [15,
16] for the dilepton production in aQGP. Beyond
τ ≥ τiso, the leading order process through which
lepton pairs are produced in QGP is qq¯ → l+l− [18].
For low M , dilepton production from the hadronic
phase the decays of the light vector mesons ρ, ω and
φ have been considered including the continuum [19,
20]. Since the continuum part of the vector meson
spectral functions are included, the processes like
four pions annihilation [21] are excluded to avoid
double counting.
In the present work the space time evolution is
same as done in Ref. [12, 22]. For τ ≤ τiso, sys-
tem evolves anisotropically and is described by free
TABLE I: Values of the various parameters used in the
evolution dynamics.√
s 2.76 TeV
Ti 646 MeV
τi 0.08 fm
Tc 175 MeV
Tch 170 MeV
Tfo 120 MeV
EoS 2+1 Lattice QCD [23]
steaming interpolating model [15, 17]. The effect of
radial flow is neglected in the anisotropic phase as
it is not developed in the initial stage of the col-
lision. For τ ≥ τiso, the system is described by
(1+2)d ideal hydrodynamics model with cylindri-
cal symmetry [24] and boost invariance along the
longitudinal direction [25]. The initial temperature
3(Ti) and initial formation time (τi) of the system
is constrained by the hadronic multiplicity (dN/dy)
as dN/dy ∼ T 3i τi. The equation of state (EoS)
which controls the rate of expansion/cooling has
been taken from the lattice QCD calculations [23].
The chemical (Tch) and kinetic (Tfo) freeze-out tem-
peratures are fixed by the particle ratios and the
slope of pT spectra of hadrons [26]. The values of
these parameters are displayed in Table I.
III. RESULTS
With the initial conditions described in Table I, we
evaluate the correlation function, C2 for different in-
variant mass windows (for 〈M〉 =0.3, 0.5, 0.77, 1.02,
1.6 and 2.5 GeV) for Pb+Pb collisions at
√
sNN =
2.76 TeV as a function of qside and qout which are re-
lated to the transverse momentum of individual pair
as follows: [2];
qside =
∣∣∣∣∣ ~qT − qout
~KT
KT
∣∣∣∣∣
=
2k1Tk2T
√
1− cos2(ψ1 − ψ2)√
k2
1T + k
2
2T + 2k1Tk2T cos(ψ1 − ψ2)
qout =
~qT . ~KT
|KT |
=
(k21T − k22T )√
k2
1T + k
2
2T + 2k1Tk2T cos(ψ1 − ψ2)
(5)
where kiT is the individual transverse momentum
and yi is the rapidity. It may be mentioned that
the BEC function has values 1 ≤ C2( ~k1, ~k2) ≤ 2 for
a chaotic source. These bounds are from quantum
statistics.
These source dimensions can be obtained by pa-
rameterizing the calculated correlation function with
the empirical Gaussian form [1];
C2(q,K) = 1 + λ exp(−R2i q2i )
(6)
where i stands for side and out. Thus Rside and
Rout appearing in Eq. 6, are commonly referred to as
HBT radii, which are measures of Gaussian widths
of the source size. The deviation of λ from 1/3 will
indicate the presence of non-thermal sources. While
the radius corresponding to qside (Rside) is closely
related to the transverse size of the system. The
radius corresponding to qout (Rout) measures both
the transverse size and duration of particle emission
[2, 3, 27–29].
In the present work, the corresponding HBT radii
are extracted with the help of the parametrization
expressed in Eq. 6 for three different values of τiso.
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FIG. 1: The variation of Rout with 〈M〉 for different
values of τiso. The solid line corresponds to isotropic
scenario (τiso = τi = 0.08 fm) and the dotted and dashed
line corresponds to τiso = 2,3 fm respectively which is
related to anisotropic scenario.
We choose τiso in such a way that τiso = τi (0.08 fm)
corresponds to the isotropic situation and τiso > τi
(2, 3 fm) corresponds to anisotropic scenario. So
basically, we have attempted to examine the sensi-
tivity of momentum anisotropy on spatial and tem-
poral size of the evolving system by controlling the
variable, τiso. Again we argue that large M region
(beyondM ≥ mφ) corresponds to the partonic phase
as it is dominated by lepton pairs from the partonic
interactions and M ∼ mρ region corresponds to the
hadronic region as leptonpairs are produced basi-
cally from the interaction of light vector mesons. So
the study of invariant mass variations of Rside and
Rout in these two M regions characterizes the two
different phases of HIC [11]. In Figure. 1 and 2 we
display the invariant mass dependence of Rside and
Rout for three values of τiso = 0.08, 2, 3fm.
C2 as function of qout is calculated by taking
ψ1 = ψ2=0, y1 = y2=0 and fixing transverse mo-
mentum of one photon (k1T = 2 GeV) and varying
the other (k2T ) for different invariant masses and
the values of corresponding Rout is extracted from
it using the parametrization given in Eq. 6. Rout
probes both the transverse size and the duration of
emission. With the development of radial flow, the
transverse dimension of the emission zone decreases.
Although the effect of flow is small in the initial
stage of collision which is dominant in large M
region (corresponds to larger size) and the duration
of emission is small - resulting in a small values
of Rout. Whereas M ∼ mρ region suffers from
larger flow effects which should have resulted in a
minimum value in Rout in this M region. However,
Rout probes the duration of emission too, which
is large for hadronic phase because of the slower
expansion due to softer EoS used in the present
4work for the hadronic phase. The larger duration
compensates the reduction of Rout due to flow
resulting in a bump in Rout for M ∼ mρ (see Fig.
1). Again by increasing τiso, the duration of particle
emission shortens and results in smaller value of
Rout.
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FIG. 2: The variation of Rside with 〈M〉 for different
values of τiso. The solid line corresponds to isotropic
scenario (τiso = τi = 0.08 fm) and the dotted and dashed
line corresponds to τiso = 2,3 fm respectively which is
related to anisotropic scenario.
C2 as function of qside is calculated by taking
k1T = k2T = 2 GeV, y1 = y2=0 and fixing ψ2=0
and varying ψ1 for different invariant masses and
the values of corresponding Rside is extracted from
it using the parametrization given in Eq. 6. In
Fig 2 we display the variation of Rside with M
for three different values of τiso and observe quan-
titative as well as qualitative changes in magnitude.
It can be shown that Rside is related to the col-
lective motion of the system through the relation:
Rside ∼ 1/(1 + Ecollective/Ethermal). In large M re-
gion, as the flow is not developed fully so the val-
ues of Rside is affected only due to initial thermal
energy. As τiso is inversely related to the tempera-
ture, thus increasing τiso results in decrease in the
values of Rside in large M region. In the mass re-
gion corresponds to the hadronic phase, M ∼ mρ,
the flow is fully developed and the thermal energy
is reduced. The ratio of collective to thermal energy
is large in this M region and hence shows smaller
Rside in isotropic scenario. However, the situation
is complex in presence of initial momentum space
anisotropy. By increasing τiso, the flow is reduced
resulting in larger values of Rside in anisotropic sce-
nario.
The HBT radii are proportional to the average size
of the system [27]. The average size of the system
is related to the HBT radii (here Rout and Rside)
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FIG. 3: The ratio Rout/Rside as a function of 〈M〉.
[27] extracted from correlation function, C2 using
Eq. 6. However, some of the model dependence gets
canceled out by taking the ratio of Rout to Rside .
Thus the quantity, Rout/Rside gives the duration of
particle emission [1, 28, 29] for various domains of
M .
Figures. 3 and 4 show the variation of Rout/Rside
and Rdiff=
√
R2out −R2side as a function of 〈M〉 for√
sNN = 2.76 TeV for different values of τiso. Both
show a non-monotonic dependence on 〈M〉. The
smaller values of both the quantities, particularly at
high mass region, reflect the contributions from the
early partonic phase of the system. The peak around
ρ-meson mass reflects dominance of the contribution
from the late hadronic phase in isotropic scenario.
However, increasing values of τiso result in shorter
duration of particle emission hence both these quan-
tities have smaller value in anisotropic scenario com-
pared to the isotropic one. However, by increasing
the values of τiso we observe quantitative change in
the magnitude of both of these quantities. This is
because the duration of particle emission reduces as
the system takes more time to become thermalized
(by increasing τiso). Hence both these quantities
have smaller value in the anisotropic scenario com-
pared to the isotropic one.
IV. SUMMARY
In summary, the correlation functions for dilep-
ton pairs have been evaluated for different values of
τiso and the HBT radii have been extracted from
it for Pb+Pb collision at 2.76 TeV LHC energies
for different 〈M〉 windows. We observe both qual-
itative as well as quantitative change in the varia-
tion of HBT radii with M for dilepton pairs in pres-
ence of the initial momentum anisotropy. We argue
that the variation of HBT radii with M for dilep-
ton pairs can be used as an efficient tool to follow
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FIG. 4: The difference
√
R2out −R2side as a function of
〈M〉.
the change of the spatial and temporal dimensions
of the evolving system with time in presence of mo-
mentum space anisotropy in the initial stage of col-
lision. The invariant mass dependence of two ex-
perimentally challenging quantities, Rout/Rside and
Rdiff also show a quantitative change due to the
incorporation of anisotropy in the momentum space
in the initial stage of collision. The experimental
challenges for the study of dilepton interferometry
is addressed in ref. [11], where it has been argued
that increasing luminosity of the experiment will be
a motivating factor for such measurements.
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